Organic friction modifiers (OFMs) are widely added to oil to reduce the boundary friction in many kinds of lubricants such as vehicle engine oils. At the contact area in machine elements, the OFMs form a self-assembled organic monolayer. Although the friction properties of the monolayer are widely studied on a molecular level, the formation process is not well-known. In this study, we calculated the initial adsorbing process of additive molecules in explicit base oil molecules using molecular dynamics. The adsorption time depends on the structure of the base oils. We found another effect of the base oil other than "chain matching".
Introduction
In machine elements, there are many interfaces that perform relative motions, and it is necessary to control the friction and wear generated between the two surfaces. The control of friction and wear leads to the suppression of energy loss, vibration, improvement of function, performance, and reliability at the entire mechanical system. In order to inhibit the contact between the two surfaces, hydrodynamic lubrication by oil may be the best solution. There are, however, many systems that cannot maintain the hydrodynamic lubrication film due to the sliding condition. A boundary lubrication film is the candidate to decrease the friction in such solid contacts. Organic friction modifiers (OFMs) or oiliness agents are some of the most popular additives which produce a boundary lubrication film [Bowden and Tabor(1964) ].
OFM additive molecules are composed of alkyl chains and polar groups on the end. Fatty acids are the most popular OFMs. The polar group adsorbs on the metal surface and the molecules form a self-assembled monolayer (SAM). The mechanical and physiochemical stability of the monolayer is important to protect the metal surface and to reduce friction.
In the long history of the friction modifiers, OFMs are the most common, which have been used since the 1920s, and widely studied [1] . The most important idea is the formation of an adsorbed self-organized layer by Bowden and Tabor [Bowden and Tabor(1964) ]. After this model, the concept of "chain matching" by Askwith et al. [2] is the important finding in order to consider the effect of the base oil (solvent). If the chain length of the fatty acid additive is same as the chain length of the base oil, the system shows a lower friction than other base oils. Although this idea is supported by experiments, such as the experiments focused on nucleation and crystal growth [3] , the precise mechanism of low friction is still an open question [4] .
Molecular dynamics (MD) simulations are used to understand the friction phenomena of SAMs, since the MD is the most useful tool to understand the dynamics of SAMs and comparable with the experimental data obtained by a surface force apparatus (SFA) or atom force microscope (AFM) [1] . The MD simulation demonstrated that the friction behavior of the SAMs obtained by AFM experiments is well described by the simulation between the hard AFM tip and the soft SAMs [5, 6, 7, 8] . This was one of the most studied friction systems using MD during the early stage of the nano tribology studies.
The formation process of the monolayers, on the other hand, is not yet well known. The major part of the tribological use of the OFMs used in the solution of the base oil is more than 90 %, and a small amount of additives. In the engine oil of the automobile, the percentage of the OFMs are only a few percent. If we simulate the solution including 4 % additives by MD, about 96 % of the calculation cost is devoted to the calculation of the fluctuation of the base oil molecules. The formation process of the SAMs using a coarse-grained MD simulation is proposed [9] . Both the adsorption process of the additives and the formation of SAM by aggregation of the adsorbed molecules are simulated. In the simulation, however, the solvent molecules are described as a single sphere molecule using the Lennard-Jones attractive or soft-core repulsive interactions. In order to directly know the solvent effect, such as chain matching, the all-atom MD simulation is more appropriate.
In this study, we used the all-atom MD simulation to solve the solvent (base oil) effect on the formation process of the OFM film. Since the calculation cost of the base oil is high, only the beginning process of the adsorprtion is discussed here. However, we found an interesting effect, i.e., the adsorption time varies with the structure of the layer of the base oil molecules.
Simulation Methods
All-atom MD simulations of the adsorption process of additives (OFMs) are done in the following manner. We confine the solution with the hydrocarbon base oil and additives by two solid layers. The top solid layer is a neutral Fe wall and the bottom solid layer is a charged Fe wall (Fig. 2) . The Fe walls are modeled as a universal model of solid materials. We then put the charge on the bottom solid layer, then the adsorption process was simulated. The precise conditions are described as follows.
We first prepared three types of solutions of the base oil with additives under standard conditions. The base oil (solvent) of n-hexadecane, 2, 4-dimethyltetradecane, and 3, 5-dimethydodecane with the additive (solute) of palmitic acid was chosen as the linear and branched base oils with the solute of the same number of carbons. The latter branched base oils are taken from the structure of the Olefin Copolymer, or Poly α olefin. In the MD simulation, the organic molecules are dynamically treated using the Dreiding force field [10] . This all-atom force field include bonds, angles, dihiderals (torsions) and improper torsions for the intra-molecular forces, and Lennard-Jones and Coulomb for the inter-molecular forces. The partial atomic charges on the organic molecules are determined using the MOPAC6 [11] semi-empirical molecular orbital calculation with the Hamiltonian:AM1.
A set of organic molecules is first arranged in a lattice configuration. 96 base oil molecules and 4 solute molecules are arranged in order to set the concentration of the additive at 4 % ( Fig. 3(a) ), which is the commonly used condition such as in engine oil for automobiles. The size of the simulation box was 27.31Åalong the x axis, 32.77Åalong the y axis and an arbitrary length for the z axis, since we then press the system. The molecules are then moved by the MD simulation under the periodic boundary condition in the x, y directions, and reflective wall in the z direction, for 500 ps at the constant temperature of 1,000 K in order to anneal the system ( Fig. 3(b) ).
The MD simulation is then done for 10 ns in order to cool the system to 300 K. The temperature is controlled using the Nose-Hoover thermostat [14, 15, 16] . We then press in the z direction so that the density of the base oil is the same as the experimental value [17] . The solution in a thermal equilibrium is obtained (Fig. 3(c) ). Next, 3 sets of thermal equilibrium fluids are arranged in the z direction between the two solid plates, (Fig. 3(d) ), in order to form a semi-bulk region in the center of the oil film. The final thickness of the solution in the z direction is 194.19Å. On the x and y axes, periodic boundary conditions are adopted. On the z axe, non-periodic boundary conditions are adopted.
All the molecules are connected to a heat bath. The long-range Coulombic interactions are calculated by the Multi-Summation Method [18] . The equations of motion were integrated using a velocity-Verlet method [19] with a time step of 2.0 fs. Each system was calculated three times, while changing the initial speed.
The universal solid plate (wall) to analyze the adsorption process is made by the following procedure. We propose this in order to treat both charged oxidized metal surfaces and the neutral metal surface with the least difference, i.e., the existance of a charge on the surface. If we are interested in the chemical reality of the surface, including the chemical reactions, we would use a more realistic model [20] . We are now interested in the physical nature of the interface and this model succeeded in reproducing the formation of the elastohydrodynamic lubrication oil film [21, 22, 23] . The parameter for the solid is taken from an alpha-ferrous crystal, a solid atom layer with a lattice of 1175 in the x, y and z directions, respectively, and the lattice parameter is set to 2.87Å. The fluid-solid interface is the (110) surface, and the vibrations of each solid atom are suppressed. The Lenneard-Jones parameter for the solid atoms is then set to 0.2853 Kcal/mol [21] . We then arranged only the bottom solid wall which is charged. The charge distribution on the surface of the solid wall is shown in Fig. 4 . The outermost layer is charged at +1e, and the second layer is charged at -1e in order to make system electrical neutral. Figure 5 shows snapshots of the adsorption process of the palmitic acid molecule in the n-hexadecane solution on the charged surface. It is obvious that the base oil molecules construct the absorbed layer in the vicinity of the solid wall. The phenomena are suggested by many studies [21, 22, Israelachvili(2010) , 24, 25] . The fluid molecules show an oscillating density profile at the interface of the solid atoms [24] due to the cohesive force aris-ing from the attraction potential of the solid atoms to the fluids. In this solution system, since the number of base oil atoms is much higher than the solute palmitic acid, the adsorbed layer of the base oils behave as the wall to inhibit the adsorption of the solute molecules. Subsequently, the palmitic acid molecule breaks through the absorbed layer of the base oils at t = 5.56 ns shown in Fig. 5 (d) . This is due to the long-range Coulomb force between the solid atoms and the carboxyl group of the palmitic acid.
Results and Discussion
The strength of the layer formation of the base oil molecules is also shown by the time development of the fluctuation in the z direction of the palmitic acid molecules. Figure 6 shows the time history of two palmitic acid molecules selected from the same ensemble of the solution. In the time development of the finaly adsorbed molecule shown in Fig. 6 (b) , the molecule first reaches at z = 20.0Å, then stays around this height. After 1.5 ns, it start to descend from z = 20.0Åto z = 10.0Åat t = 4.3 ns and suddenly touches the solid surface. In the time development of the finally not adsorbed molecule shown in Fig. 6 (c) , the molecule fluctuates around z = 20.0Åfor about 2 ns, then moves in the opposite direction from the surface. This results shows that about a 20Åthick layer inhibits the palmitic acid molecules to form touching the surface of the solid layer by forming the adsorbed layer. Figure 6 also shows that the time for the first molecule to reach the surface takes about 4.5 ns. The question then arises whether this time will change due to the structure of the base oil molecule. Figure 7 shows the adsorption time, which is the time the palmitic acid molecules first reaches the surface of the solid layer in the 3 base oils, i.e., n-hexadecane and 2, 4-dimethyltetradecane, and 3, 5-dimethydodecane. In each solution, 5 simulations are done by changing the seed of the random number which decides the initial velocity of each atom in the solution. The graph even shows that the difference in the adsorption time in the same base oil molecules is high and the adsorption time between the base oil molecules remarkably differs. The branhced molecules show half the adsorption time vs. the linear molecules, and the time also differs between the two branched molecules. If the length of the branched chain is long (3, 5-dimethydodecane), the adsorption time is long. Therefore, we confirmed that the adsoption time due to the structure of the base oil molecules can be detected using the molecular dynamics simulation.
The difference in the adsorption time may due to structuring of the base oils. Structuring of the base oil in the systems of a branched alkane is weaker than that in the system of a linear alkane. It is thought that the branched alkane side-chains reduce the pair-potential vibration [Israelachvili(2010)].
In order to understand the mechanism, density profiles of each of the base oil molecules are plotted in Fig. 8 . The oscillation of the density is clearly shown in the vicinity of the solid atom, and the peak differs between the base oil molecules. The graph also shows that even the system in the z direction is asymmetric due to the difference between the charged and notcharged walls, while the distribution the of base oil is not different. This is because the base oil molecules, which are made of alkyl chains, are not strongly partially charged, so the charge on the solid layer does not affect the structuring, and the van der Waals interaction becomes dominant. In the center of the oil film, a plateau region of the density profiles is found. This means that the film thickness of our simulation is large enough so that the adsorption process from the bulk region to the structured region can be discussed.
In order to see the precise distribution of the base oil molecules, the enlarged view of Fig. 8 is plotted in Fig. 9 . It is clearly shown that the order of the structuring of the base oil is n-hexadecane, 2, 4-dimethyltetradecane, and 3, 5-dimethydodecane, which is consistent with the length of the adsorption time.
The Fourier power spectrum of the density profile can be used to analyze the strength of the order and periodicity of the molecular distribution [21] . Figure 10 shows the Fourier power spectrum obtained from Fig. 8 . The spectrum is calculated using the Octave FFT analyzer [26] , and the number of data points is 512 using the rectanglular window as the window function. The peak of the wavelength is about 5 to 6Å, which is equal to the width of the alkyl chain. The order of the structuring of the base oil is n-hexadecane and 2, 4-dimethyltetradecane, then 3, 5-dimethydodecane. The peak of 3, 5-dimethydodecane is very broad compared to the peak of n-hexadecane. Therefore, we can confirm that the structuring of the base oil is very different between the structure of the base oil molecules, and the more structured system takes more time for the additive molecules to adsorb onto the surface.
The structure of the base oil at the interface is also understood by the order parameter. The order parameter is defined as the sum of the angle θ between the direction of the xy plane and the direction of the end-toend vector of the base oil molecules. The end-to-end vector is defined as the vector between the most topologically separated carbon atoms of each molecules. In 2, 4-dimethyltetradecane, one carbon atom at the end of alkyl chain in the branched side (see Fig.1 ) is randomly chosen as the one side. The order parameter P (z) is then defined as follows:
where <> denotes the ensemble average and the z is taken from the center of the mass of each molecule. P (z) = 1.0 when the end-to-end vector is in the same direction of the xy plane. When the end-to-end vector is random, P (z) is zero since cos 2 θ = 1/3 in the random distribution of θ. Figure 11 shows the order parameter P (z) in the vicinity of the solid surface. In all types of base oil molecules, P (z) is almost 1, since the center of mass is the lowest z value, and almost all the carbon atoms are in the lowest z coordinate. The P (z) suddenly decreases with the increase in z and shows a minimum when z is about 5.0Å. Comparing this graph with Fig. 9 , this region corresponds to the intermediate part of the molecular layer. When the center of mass is in this region, molecules are bridging between the two neighbor molecular layers. The θ then shows a higher value, which means the molecules are more against the xy plane. The P (z) then increases again, since this region is the second molecular layer counted from the surface. The P (z) then periodically oscillates as the z increases and reaches to the plateau value. Comparing the base oil molecules in this region, n-hexadecane shows the most ordered structure and 2, 4-dimethyltetradecane and 3, 5-dimethydodecane are less structured. Therefore, we can understand from this viewpoint that the linear alkane molecules are much more structured than the branched molecules. If the order parameter is in the random side, there may be a gap which the additive molecule can pass through, but when the base oil makea a more structured layer as in the linear alkane, such as n-hexadecane, the additive molecule is hard to go through a small gap.
The adsorption process is a dynamic process in which the additive molecules diffuse through the base oil layers and reach the solid surface. In order to understand the dynamics, analyzing the diffusion of the additive molecules is the best way to show the adsorption mechanism. The number of additive molecules, however, is too low in the MD simulations, thus it is very hard to directly obtain the diffusion coefficient of the additive molecules. Therefore, we calculated the diffusion coefficients of the solvent base oil molecule, in order to clarify the mechanism. Figure 12 shows the self-diffusion coefficients D s (z) as the function of the z coordinate. D s (z) is calculated by the following equation.
where t is the time and z(t) is the z coordinate at time t. D s (z) is calculated for every 20 ps of motion of the base oil molecules so that the long-range dynamics are taken. In Fig. 12 , D s (z) decreases as the z coordinate decreases from the center of the oil film. This is because the structured oil film in the vicinity of the interface affects not only the static structure but the dynamics is different in the interface. The peak shown at the very low z is due to the rebound motion of the reflective solid layer. Each base oil molecule almost stops the motion at z = 2.5Åwhich is the peak of the first molecular layer shown in Fig. 9 . D s (z) then shows the minimum at the intermediate region of the layers and shows maximum at the peak of the layers. Comparing the three base oils, the D s (z) value of n-hexadecane is the highest except in the first layer. This means that the motion of the molecules are not suppressed in the whole solution, but the structured molecular layer, especially at the first layer, acts as the hardest barrier to the adsorption process. The diffusion coefficients in bulk calculated by the MD simulation are not well predicted in some studies [27, 28, 29] . However, our calculated diffusion coefficient is on the same order (1.0×10 −5 cm 2 s −1 ).
Usually, the adsorption dynamics of molecules are separated into two process, i.e., the adsorption limited process and diffusion limited process [9] . The former is the difficulty of the physical adsorption using the surface interaction. The latter is the diffusion of the additive molecule in the base oil. In a previous study using coarse grained molecular dynamics, it showed that the diffusion limited adsorption is the major process. In our study, however, the motion of the additive molecule to break through the first structured layer of the base oil is the limiting process, which mean this process is an adsorption limited process. The diffusion coefficient is rather higher in the linear alkane but the adsorption time is longer in it. The difference in the phenomena is understood by the difference in the base oil model we used.
In real phenomena, this means that the structure of the base oil is important to evaluate the efficiency of the surface protection. The formation time of the adsorbed additive layer is important in the case such as the sliding speed of the machine element is high and the pressure is high enough to break the adsorbed layer. If the sliding condition is mild, the stability of the adsorbed layer is more important, which mean the chain matching phenomena may be dominant. There are few studies which take into consideration the formation process of the adsorbed additive layer in tribology. We would like to note that structuring of the base oil on the surface is very important for the friction control using OFMs.
A further study may include the succeeding process of adsorbed additive layers, and the chemical effect of surface and additives.
Conclusions
Using an all-atom molecular dynamics with an explicit base oil, we observed that the molecules of the additives break through the adsorbed layer of the base oil. The adsorption time depends on the structure of the base oil molecules. The adsorption process is hence not a diffusion limited but adsorption limited process. The result reveals that the structuring of the base oil molecules near the solid wall causes a limitation for the adsorbing process. This phenomena will result in the boundary lubrication effect of the machine elements. 
